Interestingly, T S of the Cr and Co doped Mn 2 Sb series can be tuned to room temperature in the Mn 2-x M x Sb series. The magnetic, electrical and thermal expansion properties of Mn 2-x Cr x Sb have been studied in the past. 17 The Neel temperature of this series decreases but the exchange inversion temperature (T S ) increases with increasing Cr. 16 For low Cr doping (x < 0.03), the ferrimagnetic to antiferromagnetic transition occurs through intermediate magnetic states. 18 The magnetic properties of Mn 2-x M x Sb have been explained by molecular field theory, taking into account the Mn-Mn bond distance. The lattice parameter 'c' decreases and lattice parameter 'a' increases with increasing Cr, resulting in higher T S . 16 Similar structural and magnetic properties have been reported in Mn 2-x A x Sb (A = Co, Cu, V) and Mn 2 Sb 1-x Sn x alloys. Recently, a large inverse magnetocaloric effect (MCE) also has been reported in Cr 4, 19 and Co 9, 20 doped Mn 2 Sb compounds. Therefore, smaller volume change at the exchange inversion temperature, lower thermal hysteresis and the magnetic fieldinduced metamagnetic transitions in these compounds have attracted attention for near room temperature magnetic cooling applications. 4, 21 Magnetic cooling based on the magnetocaloric effect is a promising cooling technology, it exhibits high energy efficiency and environmentally friendly characteristics. [22] [23] [24] Many magnetocaloric materials, based on rare earth materials have been investigated, e.g., Gd, 25 Gd 5 Si 2 Ge 2 , 26 manganites [27] [28] [29] etc. They exhibit giant magnetocaloric properties but possess several disadvantages, including thermal and magnetic hysteresis, their production is often associated with radioactive mining, they are very expensive, susceptible to corrosion or oxidation etc. Hence, rare-earth element free, earth abundant and low cost transition metal based magnetocaloric materials such as La(Fe x Si 1-x ) 13 , 30 Heusler alloys 31, 32 Fe, Ni and Mn based alloys [33] [34] [35] [36] [37] and MnCrSb alloys can be commercially attractive for near room temperature magnetic cooling applications.
In addition to the exciting magnetic and magnetocaloric properties, the temperature dependent electrical resistivity of Mn 2-x M x Sb exhibits a jump at T S . Negative magnetoresistance around T S was reported in Cr, Cu, V, and Sn doped Mn 2 Sb samples. 2, 10, 38, 39 The magnetic properties of Mn 2-x A x Sb compounds are strongly correlated to the lattice spacing and bond distance between Mn-Mn atoms, hence it will be interesting to explore the magnetic and electrical properties of Mn 2-x M x Sb under external pressure. While chemical doping will change both the unit cell volume and increase the non-magnetic content, hydrostatic pressure has the advantage of modifying only the unit cell volume. In this paper, we investigate the magnetic and magnetocaloric properties as well as the magnetic field and hydrostatic pressure dependence of magnetization and electrical resistivity of Mn 1.9 Cr 0.1 Sb, which exhibits exchange inversion near room temperature.
Polycrystalline Mn 1.9 Cr 0.1 Sb samples were prepared from stoichiometric amount of high purity Mn pieces (Alfa Aesar, 99.95%), Cr chips (Sigma Aldrich, 99.995%) and Sb powder (Sigma Aldrich, 99.995%) using the arc melting technique in argon atmosphere. The arc melted button was homogenized in a high vacuum furnace at 800 o C for 80 h. The structural properties of Mn 1.9 Cr 0.1 Sb were studied by X-ray powder diffraction using a Bruker D8 diffractometer with CuK α radiation (λ = 0.15406 nm). The magnetic properties were studied using a Physical Property Measurement System (PPMS, Quantum Design, USA) equipped with a vibrating sample magnetometer (VSM). The hydrostatic pressure dependent magnetic and electrical resistivity measurements in four probe configuration were carried out using a BeCu HPC-33 piston type pressure cell (Quantum Design, DC resistivity option). The sample was immersed in a pressure transmitting medium (Daphne oil) in a Teflon cell. Figure 1 shows the room temperature X-ray powder diffraction pattern of Mn 1.9 Cr 0.1 Sb. It shows that the sample crystallizes in the tetragonal Cu 2 Sb-type structure with P4/nmm space group. The lattice parameters a = 4.0743Ǻ and c = 6.5177Ǻ were obtained from Rietveld refinement. The XRD pattern shows the presence of a minority second phase corresponding to ferromagneticMnSb, 1,19 possessing the hexagonal crystal structure. This phase is denoted by * in the XRD pattern.
The in magnitude at 261 K, which signals a transition from the ferrimagnetic to the antiferromagnetic state. The exchange inversion temperature, T S is determined from the maxima of the dM/dT curve. A thermal hysteresis value of ∼4 K is observed between the cooling and the heating process due to the first-order nature of the phase transition. The inset of fig. 2 shows the T S versus applied magnetic field while cooling. The exchange inversion temperature (T S ) decreases linearly with increasing external magnetic field at a rate, dT S /dH equal to -3.67 K/T. 40, 41 Figures 3(a) and 3(b) show the field dependent magnetization isotherms, M(H) curves, while heating in the vicinity of the exchange inversion temperature for T < T S and T > T S , respectively. For T < T S, as the field increases, M increases abruptly above a critical value and exhibits hysteresis when the field decreases from its maximum value. This indicates the first-order nature of this metamagnetic transition. The critical field for the metamagnetic transition, which corresponds to the inflection point in the rapidly increasing portion of the high field curve, increases rapidly as temperature decreases and exceeds the maximum field available for T < 240 K. Hence, the value of the magnetization at the highest field is lowered when temperature decreases. The negative values of ∆S m above T S indicate the normal magnetocaloric effect in the ferrimagnetic phase. As expected, the magnetic entropy change increases with increasing magnetic field strength. A substantial magnetocaloric effect of ∆S m = + 5.14 and + 6.75 J/kg.K are found for a field change of 2 and 5 T, respectively. Table 1 shows the negative isothermal magnetic entropy change (-∆S m ) values, for a field change of 5 T, near room temperature. [42] [43] [44] [45] [46] The reported values MCE in our alloy compound are higher than the previously reported values for our alloyed compound Cr doped Mn 2 Sb alloys. 4, 19 Figure 4(a) shows the temperature dependence of magnetization under hydrostatic pressures, 0.0, 0.22, 0.54 (not shown) and 0.7 GPa. The 0.0 GPa stands for ambient pressure. The inverse transition temperature T S shifts to high temperature with increasing hydrostatic pressure, with a rate dT S /dP = +10.6 K/GPa. However, there is no significant change in the magnetization in the high temperature ferrimagnetic and low temperature antiferromagnetic phases under hydrostatic pressures. Fig. 4(b) shows the magnetic field dependent isotherms at 260 K for applied pressures. The M(H) curve at 260 K shows a sharp rise in magnetization i.e., metamagnetic transition above 1 T while increasing field due to field induced antiferromagnetic to ferrimagnetic transition. This transition is first-order as suggested by hysteresis while decreasing the field from the maximum value. The field corresponding to the meta-magnetic transition shifts to higher magnetic fields as the pressure increases. The increase in T S and the increase in critical fields under hydrostatic pressure suggest that antiferromagnetic phase is stabilized under pressure. Figure 5 (a) shows the temperature dependence of resistivity, ρ(T ), in a wide temperature range upon cooling and heating cycles under magnetic fields of µ 0 H = 0, 3 and 5 T. The ferrimagnetic to antiferromagnetic transition upon cooling is accompanied by an abrupt jump of resistivity at T = T IM and ρ(T ) decreases smoothly with temperature for T below 200 K. T IM is 260 K for zero field, it decreases with increasing field strength (T IM = 249 K and 242 K for µ 0 H = 3 T and 5 T, respectively). This trend in resistivity is in agreement with the M (T ) data under magnetic field. In the absence of external magnetic field, ρ(T ) shows hysteresis around T IM (= T S ) between cooling and warming cycles with a width ∆T ∼ 4 K. The width of the hysteresis does not change with increasing strength of the magnetic field. respectively. Figure 6(a) shows the negative MR for µ 0 H = 3 and 5 T for ambient pressure. The MR is negligible above 260K and below T ∼225 K. MR is negative, i.e. resistance decreases with increasing magnetic field in the intermediate temperature range. For low temperatures, the values of -MR for µ 0 H = 3 T increase with increasing temperature. The maximum value of -MR(%) is 36.5 % at ∼252 K. When µ 0 H = 5 T, the peak occurs at 245K, and the peak value MR increases to -45.3 %. Table 2 shows the magnetoresistance of Ni and Mn based Heusler alloys. The large negative MR (%) in Mn 1.9 Cr 0.1 Sb is comparable to or even larger than those in Mn 2-x M x Sb 1-y A y alloys, antiferromagnetically coupled Fe-Cr multilayer systems, 47, 48 as a function of temperature for a range of hydrostatic pressures. We found a positive baroresistance peak near T S and negative baroresistance in the ferrimagnetic and antiferromagnetic states. The positive BR (%) near T S is due to the pressure induced antiferromagnetic transition. The magnitude of positive BR (%) increases with increasing pressure. A large positive baroresistance of 30.4 % is found at 0.69 GPa under zero field. An increase of T IM with increasing pressure indicates stabilization of the antiferromagnetic state at high temperatures. Similarly, an increase of T IM with increasing Cr in Mn 2-x Cr x Sb has been observed due to a decrease of lattice parameter c, while the magnitude of resistance in the ferrimagnetic and antiferromagnetic states increases with increasing Cr content. 54 Figure 6(c) shows the negative magnetoresistance, MR =
as a function of temperature for H = 5T under hydrostatic pressures, P = 0.0, 0.086, 0.201, 0.48 and 0.69 GPa. The magnitude of negative MR decreases and the temperature corresponding to the peak in MR shifts towards higher temperatures with increasing hydrostatic pressure.
The lower value of resistivity under external magnetic fields in both the ferrimagnetic and the antiferromagnetic states is due to a decrease in magnetic scattering. The external magnetic field stabilizes the high temperature ferrimagnetic state, which lowers the antiferromagnetic transition temperature. Accordingly, the metal to insulator transition temperature decreases with increasing external magnetic field, similar to the decrease of T S under external magnetic fields. Thus, the field induced transition in resistivity and decrease in resistivity under external magnetic field is accompanied by large negative magnetoresistance near T S . Mn 1.9 Cr 0.1 Sb undergoes a ferrimagnetic to antiferromagnetic transition on cooling, which is accompanied by a large change in magnetization and electrical resistivity at T S . The external hydrostatic pressure compresses the unit cell volume, which increases T S . The temperature corresponding to the ferrimagnetic to antiferromagnetic transition (T S ) as well as the temperature corresponding to the abrupt increase in resistivity (T IM ) increases to higher temperatures with increasing pressure. These pressure induced transitions are accompanied by large positive baroresistance. The volume of the unit cell decreases with increasing Cr doping in Mn 2-x Cr x Sb. 19 The abrupt change in electrical resistivity at T S and the magnitude of resistivity in the ferrimagnetic state of Mn 2-x Cr x Sb increases with increasing Cr content. 48 These results suggest that a decrease in unit cell volume under hydrostatic pressure increases T S , similar to the effect of Cr doping in Mn 2-x Cr x Sb. In addition to an increase in T S under pressure, the decrease in resistivity in both the ferrimagnetic and antiferromagnetic states suggest that hydrostatic pressure decreases electron scattering both in the ferrimagnetic and the antiferromagnetic states. 55 In Mn 2-x M x Sb, the Neel temperature T N decreases and T S increases with increasing x 16 . The saturation magnetization decreases with increasing x in the ferrimagnetic phase. 15 In the Mn 2-x Co x Sb (x = 0.2) alloys, T S and T N increases with increasing pressure. On the other hand, in Mn 1.9 Co 0.1 Sb, where T S < 160 K, T S decreases with increasing pressure, i.e., dT S /dP is negative, which was attributed to the increase in volume for low T S alloys. 56 The magnetic and electrical resistivity measurements under pressure on Mn 1.9 Cr 0.1 Sb alloy, show that T S (261 K) increases with increasing pressure. The decrease in resistivity in the ferrimagnetic and antiferromagnetic states in Mn 1.9 Cr 0.1 Sb indicates a decrease in magnetic scattering, which is analogous to the increase of T N under external applied pressures reported in Mn 1.8 Co 0.2 Sb. 56 These experimental results show that the inversion temperature can be tuned with external pressure without chemical doping. Thus the peak in ∆S m can be tuned to higher temperatures with increasing pressure.
In summary, magnetic, magnetocaloric, magnetoresistance and baroresistance properties of a Mn 1.9 Cr 0.1 Sb alloy were investigated. The magnetization shows a sudden decrease at T S = 261 K which corresponds to the exchange inversion temperature. The magnetic entropy change (∆S m ) upon increasing the magnetic field is negative for T > T S and positive for T < T S (∆S m = +6.75 K for ∆H = 5 T just below T S ). T S decreases linearly with increasing magnetic fields, with a rate dT S /dH of -3.67 K/T, suggesting destabilization of the antiferromagnetic phase. This is accompanied by large negative magnetoresistance. A giant field-induced negative magnetoresistance of 45.5 % for Mn 1.9 Cr 0.1 Sb at 245 K for a field change of 5 T was observed. On the other hand, hydrostatic pressure shifts T S to higher temperature suggesting stabilization of the low temperature antiferromagnetic phase. A large positive baroresistance of 30.4 % occurs at 262 K for an applied pressure of 0.69 GPa. The magnitude of negative magnetoresistance at 5 T decreases with increasing hydrostatic pressure. The contradicting trend of the exchange inversion temperature with increasing magnetic field and pressure needs to be understood theoretically. 
